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Abstract 

The determination of the activity coefficient and re-

lated properties of sodium bicarbonate presents special 

problems because of the appreciable vapor pressure of co 2 

above such solutions. With the development of reliable 

equations for the thermodynamic properties of mixed electro-

lytes, it is possible to determine the parameters for 

NaHC0 3 from cell measurements or NaC~-NaHC0 3 mixtures. 

Literature data are analyzed to illustrate the method and 

provide interim values, but it is noted that further 

measurements over a wider range of concentrations would 

yield more definitive results. An estimate is also given 

for the activity coefficient of KHC0 3. 



The activity coefficient of aqueous NaHC0 3 is not known 

with accuracy comparable to that for other simple salts. The 

results of Han and Kesler1 and of Han and Bernardin2 were 

based on old experiments of limited precision and were pre

sented only on small graphs which are presumably representative 

of their accuracy. The isopiestic method, which is widely 

applicable to most salts, fails (or is complicated) by the 

significant vapor pressure of co 2 as well as H2o for NaHC0 3 

solutions. In view of the importance of bicarbonate in various 
+ 

solutions with Na the principal cation, we have sought other 

methods of determination of the activity coefficient for NaHC0 3. 

The effectiveness of the equations of Pitzer and Kim3 for 

mixed electrolytes makes it feasible to use experiments on 

rather complex mixtures provided all important parameters for 

other solutes are accurately known. With this strategy in 

mind we examined the excellent experiments of Harned and Davis 4 

and of Harned and Bonner 5 with the electrochemical cell 

These investigators extrapolated their results to zero molality 

to obtain the first dissociaton constant of carbonic acid. 

We shall use the data for finite molalities to determine the 
+ ion interaction parameters (virial coefficients) for Na , HC0 3 

in this mixed electrolyte. This is feasible because the 
+ 

corresponding parameters for Na , C~ are accurately known 

and any other parameters are expected to have very little effect. 
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The chemic reaction for this electrochemical cell is 

l/2H2 (g) + AgC~(s) + HC0 3 = C~ + Ag(s) + H 2 0(~) + C0 2 (g) (A) 

and the corresponding equation for the cell potential is 

(1) 

The standard potential of this cell is related to other quantities 

by 

(2 

where E0 (Ag,AgC~) is the standard potential for the Ag, AgC~ 

electrode, K1 is the first dissociation constant of carbonic 

acid as usually defined and Ks is the Henry's law constant for 

solubility of co 2. The product K1Ks is the equilibrium constant 

for the reaction 

+ -C0 2 (g) + H 2 0(~) = H (aq) + HC0 3 (aq). (B) 

Also me~ = m2 and in adequate approximation for these solutions 

mHCO = ml. 
3 
It is then convenient to rearrange equation (1) to 

Now all quantitites on the right side are known to sufficient 

accuracy for each experiment. Hence the limit at zero ionic 

strength yields K1Ks; this was the original treatment. We shall 

( 3) 



use the same data to evaluate also ~n(yc~=lyHCO -) as a 
3 

function of m1 and m2• 

The solutions investigated by Harned and Bonner 5 do not 

extend much above an ionic strength of 1M while those of 

Harned and Davis 4 are more dilute. In this range Pitzer 

and Mayorga 6 found that third virial coefficients could be 

neglected. Then equation (17) of Pitzer and Kim3 yields 

where the virial coefficients related to dissolved co 2 are 

omitted since their effect is believed to be negligible. The 

coefficients BMX are given by 

BMX = 8 ( 0 ) + 8 ( 1 ) g (I ) 
MX MX (5) 

g (I ) = ( 1 I 2 I) [ 1- (1 + 2 I 1 I 2 ) e xp ( - 2 I 1 I 2 ) ] (6) 

where I is the ionic strength and S(O) and S(l) are the two 

parameters primarily related to the short range forces between 
+ -M and X ions. Also we note that in this case 

Then 

AB(i) = Q(i) - Q(i) . 0 1 
D ~NaC ~NaHCO ' 1 = ' 

3 
(8) 

also the subscripts are omitted hereafter from e. 

In view of the characteristics of the silver-silver chlo de 

electrode 7 it seemed best to use the E 0 (Ag,AgC~) values from the 
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same laboratory. 8 Modern physical constants 9 were used (F and 

R) with the conversion factor 1.00033 included since the 

original measurements were in the International volts in use 

at that time. The resulting factor is (R/F) = 8.61451 x 10-S 

Int. V/K. 

All of the experimental values of Harned and Davis 4 and 

of Harned and Bonner, 5 678 in all, were included in a least 

squares calculation. Each set of data at a given temperature 

was assigned a weight inversely related to the standard devia-

tion of fit of that set treated separately. No experimental 

point showed excessive deviation, hence none was discarded. 

Preliminary calculations indicated that the temperature 

dependence of 66(0), 66(l), and e was negligible over the 

temperature range 0-50°C and in view of the accuracy of the 

data. This is consistent with the very small temperature 

coefficients of such parameters determined by Silvester and 

P . 10 f . "1 1 1tzer or s1m1 ar so utes. 

A familiar three-term expression was used for the tempera-

ture dependence of ~n(K1 Ks) with the result 

~n(K 1 Ks) = - 5023 • 23 
+ 119.330 -21.1469 ~nT (10) 

The other parameters were found to be 

6B(O) "' 0.0488 (11a) 

66(l) = 0.2253 (llb) 

e = 0.030 (llc) Ct,HC0 3 

5 



The statistically indicated uncertainty in each of these last 

three quantities is 0.01. However, ~B(O) and e are rather 

closely coupled for the presently available data where m1 is 

never large. Thus, for the more concentrated solutions I and 

(m2-m1) have similar values, and, from equation (7),one notes 

that (~S(O)_e) is determined much more accurately than either 

parameter individually. This particular uncertainty could be 

removed if the same type of cell measurements were extended to 

solutions with higher m1 ; indeed, with data for still higher 

m values, third virial coefficients could also be determined. 
6 If we now introduce the parameters for NaC~, 

S(O) = 0.0765, S(l) = 0.2664, the resulting values for NaHC0
3 

are 

( 12) 

(13) 

Since the accuracy of the NaC~ values is high, the uncertainties 

of these values corresponds to those stated above for the ~S 

values. These B values are within the pattern of values found 
6 for other simple 1-1 electrolytes. 

These results allow the calculation of the activity co-

efficient of NaHC0 3 in mixtures with NaC~. Equation (15) of 

Pitzer and Kim3 simplifies to 

B. = s~ 0 ) + sPJgCIJ CIS) 
J J J 
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B~ = (S~l) /2! 2) [-1+(1+2! 1/ 2 + 2!) exp(-2I 1/ 2)] (16) 
J J 

Here y is the solute fraction of bicarbonate. The Debye-Huckel 

parameter A~ was taken from Bradley and Pitzer; 11 the value is 

0.391 at 25°C. 

In Table I the resulting activity coefficient of NaHC0 3 

is given for y=O (the trace activity of NaHC0 3 in NaC~) and 

for yml (pure bicarbonate). For the trace activity 8~~~co 3 
and e appear as a simple sum; hence the special uncertainty 

discussed above disappears and the results should be quite 

accurate. For the pure bicarbonate, however, e disappears 

and the term 2IS~~~CO remains, yielding somewhat greater 
3 

uncertainty. 

The activity coefficient of 0.539 at 1M for pure bicarbonate 

in Table I may be compared with Han and Kesler's value1 of 0.56. 

The agreement is as good as could be expected in view of the 

data upon which Han and Kesler's calculations were based. 

The osmotic coefficient of pure NaHC0 3 is also given in 

Table I as calculated from the equation 

The value of ~n(K1 Ks) from equation (10) is -18.004 at 

25°C which agrees reasonably well with the original interpre

tation of the data of Harned and Davis 4 yielding -17.995. Also 

(~H0 /R) for chemical reaction(B) is -1282 K from equation (10) 

while Harned and Davis reported values yielding (~H/R) = -1238 K. 

Recently Berg and Vanderzee12 made calorimetric measurements on 

carbonate systems and reviewed the available literature; their 
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value for (~H0/R) is 1274 ± 20 K and they recommend for 

tn(K1Ks) the value -18.001. The agreement of the ~H0 /R 

values is significant since we made no use of their calori-

metric data. For tn(K1Ks)' however, Berg and Vanderzee were 

dealing with essentially the same data which we considered 

and which Harned, et al, interpreted originally. 

There are no experimental data for KHC0 3 of accuracy 

equal to those discussed above for NaHC0 3• However, Mac Innes 

and Belcher13 did measure at 25°C a similar cell with a glass 

electrode instead of the hydrogen electrode. While their 

absolute accuracy is less and the absolute agreement with the 

values from Harned's laboratory is not very good, the precision 

of measurement of Mac Innes and Belcher seems good. Their 

results indicate that the quantity tn(yCt/yHCO ) is the same 
3 

for solutions of K+ as for Na+ to their precision of measure-

ment. Thus our values for ~8(0) and ~8(l) can be used as an 

estimate for solutions of K+, yielding for KHC0 3 8(0) = -0.000 5 
and B(l) = -0.013, at 25°C. 

In summary, we have presented a method for the determination 

of the activity coefficient and related properties of aqueous 

bicarbonates from cell measurements on mixtures with the cor-

responding chlorides. Cell data from the literature yield 

reasonably good values for the parameters defining NaHC0 3 
properties and excellent agreement with recent calorimetric 

measurements of the heat of ionization of carbonic acid. Cell 

measurements designed with this method in view could yield much 

more accurate parameters for the thermodynamic properties of 

aqueous bicarbonates. 
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Table I. The Activity Coef ient of NaHC0 3 at 
Solute Fraction y in Mixture with NaC~ 
and the Osmotic Coefficient of NaHC0 3 (at 25°C). 

m y(y=l) y(y=O) ¢(y=l) 

0.01 .898 .900 .966 

0.02 .863 .868 .954 

0.05 .804 .813 • 9 34 

0.1 • 749 .764 .915 

0.2 .688 .712 .895 

0.3 .650 .681 .883 

0.4 .623 .659 .875 

0.5 .601 .643 .869 

0.6 .584 .631 .865 

0.7 .570 .621 .862 

0.8 .558 .613 .859 

0.9 • 54 8 .606 .857 

1.0 .53g .601 .856 




